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Poulikakos, David J. Norris, Harald Giessen, Gero Decher*, and Matthias Pauly 

 

Abstract 

 

Chirality is found at all length scales in nature, and chiral metasurfaces have recently 
attracted attention due to their exceptional optical properties and their potential 
applications. Most of these metasurfaces are fabricated by top-down methods or 
bottom-up approaches that cannot be tuned in terms of structure and composition. 
By combining grazing incidence spraying of plasmonic nanowires and nanorods and 
Layer-by-Layer assembly, we show that nonchiral 1D nano-objects can be assembled 
into scalable chiral Bouligand nanostructures whose mesoscale anisotropy is 
controlled with simple macroscopic tools. Such multilayer helical assemblies of 
linearly oriented nanowires and nanorods display very high circular dichroism up to 
13 000 mdeg and giant dissymmetry factors up to g ≈ 0.30 over the entire visible and 
near-infrared range. The chiroptical properties of the chiral multilayer stack are 
successfully modeled using a transfer matrix formalism based on the experimentally 
determined properties of each individual layer. The proposed approach can be 
extended to much more elaborate architectures and gives access to template-free and 
enantiomerically pure nanocomposites whose structure can be finely tuned through 
simple design principles. 

KEYWORDS:nanowire assemblies,  chiral 
nanostructures, plasmonics, metasurfaces, circular dichroism 
 
Chirality refers to the geometric property of any object lacking mirror planes or 
inversion symmetry and is found at all length scales in nature (1) ranging from 
macroscopic objects such as snails (2) or stem coiling of climbing plants (3) to the 
molecular scale, as in amino acids or proteins. (4) Synthetic methods for producing 
chiral materials are also scale-dependent: molecules are made by asymmetric 



synthesis, (5) and mesoscale objects are frequently obtained through self-assembly 
(bottom-up) (6) or lithography-based (top-down) approaches. (7) Top-down 
techniques are typically used to make chiral plasmonic metasurfaces whose potential 
applications have led to a recent burst in research, (8) but they require complex 
fabrication technologies that are extremely costly and not scalable. Self-assembled 
inorganic chiral systems are a promising alternative, (9,10) but the associated 
chiroptical response is weaker and difficult to control, and self-assembled materials 
are also difficult to connect to the macroscopic world in any multiscale device. 

Bouligand structures are composed of layers of unidirectionally aligned fiber-like 
objects progressively rotated with respect to the neighboring layers. (11) They offer 
the huge advantage that their base elements (1D objects) can be nonchiral and that 
chirality arises solely from the geometrical arrangement of the base elements in 
space. Some of these structures occur in nature and are responsible, for example, for 
extraordinary mechanical properties as in the dactyl club of Mantis 
shrimps. (12) They can also be produced artificially by techniques such as 
nanolithography, where they give rise to exceptional circular dichroism. (13) 

Layer-by-Layer (LbL) assembly is well known for fabricating layered multimaterial 
nanocomposites, (14−16) and it has been recently demonstrated that it can be joined 
with grazing incidence spraying (GIS) to prepare multilayer assemblies of 1D nano-
objects with unidirectional in-plane anisotropy. (17−21) The combination of GIS and 
LbL assembly meets all requirements for preparing scalable multimaterial Bouligand 
architectures; in this article we demonstrate that the alignment direction of each 1D 
nano-object layer in the multilayer stack is controlled independently and efficiently by 
macroscopic constraints (variation of spraying direction by in-plane sample rotation). 
Using this approach, scalable nanostructures are obtained whose tunable chiral 
meso- or nanoscale anisotropy is steered with simple macroscopic tools using 
entirely nonchiral building blocks. As an example, we report on the buildup of large-
area chiral thin films of nonchiral silver nanowires and gold nanorods, leading to low-
cost self-assembled plasmonic metasurfaces that display a giant broadband circular 
dichroism (CD), with, to the best of our knowledge, the largest CD values reported at 
the thinnest layer thickness for samples that can be easily fabricated at low cost over 
a cm2 area. 

These self-assembled Bouligand films compare in several aspects favorably to a 
group of chiral plasmonic nanomaterials (22,23) which have in recent years evolved 
into the field of metasurfaces (24) due to numerous potential applications, including 
sensing, (25) optical recording, (26) chiral mirrors, (27) and asymmetric second-
harmonic generation (28) or as broadband circular polarizers. (29) Most of these 
inorganic metasurfaces are fabricated by top-down methods such as direct laser 
writing (30) or e-beam lithography, (13,31) which are not suited for macroscale 
device fabrication. Self-assembly of wet-synthesized, well-defined building blocks has 
thus been proposed as a promising approach toward large-scale 
production, (32−35) including for example using DNA origami. (36−40) Other 
strategies involve the chiral nanoscale arrangement of plasmonic nanoparticles by 
macroscopic deformation (41) or from a chiral template. (42−44) While a variety of 
methods have been proposed for the assembly of nanowires and nanorods in thin 
films with in-plane anisotropy, (45) they typically do not provide much versatility over 
the hierarchical architecture and composition of a multiscale material and thus lack 
the tunability of the desired structure-dependent materials properties. Hierarchical 
functional materials are anisotropic with respect to the materials composition, 



morphology, and the complex directional anisotropies over several length scales, and 
their fabrication needs to be based on construction principles complying with these 
needs. While LbL assembly has been serving well for making countless layered 
nanocomposites, the approach proposed here gives access to template-free and 
enantiomerically pure chiral architectures. Since unidirectional or chiral “slabs” can 
freely be included in any position of a LbL multilayer stack, much more elaborate 
multimaterial nanocomposites with complex anisotropies that can be finely tuned at 
the nanoscale may be prepared using this approach. 

Results and Discussion 

 
The oriented assembly of nanowires or nanorods by GIS is based on the spraying of 
a suspension of the 1D nano-objects at a low angle on a transparent substrate 
coated with poly(ethylene imine) (PEI) (Figure 1A), which leads to the adsorption of 
an oriented sub-monolayer thin film of the 1D nano-objects at the substrate–water 
interface (Figure 1B). (18,20) Using this approach, highly oriented thin films of silver 
nanowires (46) (AgNWs, d ≈ 47 ± 6 nm, L ≈ 4.2 ± 1.5 μm) and gold 
nanorods (47) (AuNRs, d ≈ 15 ± 3 nm, L ≈ 245 ± 50 nm) can be obtained, with a 2D 
nematic order parameter as high as 0.79 for AgNWs (Figure 1C) and 0.45 for AuNRs 
with much smaller aspect ratios (Figure S3). The transmittance of linearly polarized 
light of those oriented thin films is highly anisotropic, as the longitudinal and 
transverse localized surface plasmon resonance modes are selectively excited 
depending on the direction of the light polarization (Figure S4). Following the 
anisotropic deposition of the first 1D nano-object layer, polyelectrolyte multilayers 
(PEMs) are formed through Layer-by-Layer assembly by successively spraying 
polycations (PEI or poly(allylamine hydrochloride), PAH) and polyanions 
(poly(styrenesulfonate), PSS). The sequence of polymers is expressed as PEM = 
PEI/(PSS/PAH)5/PSS/PEI, and the thickness of such a polyelectrolyte multilayer is 
around 13 nm. A second nano-object layer may be placed on top of the PEM with the 
direction of orientation rotated by a freely selectable angle (here 60 degrees) with 
respect to the alignment direction of the first nano-object layer below (Figure 1D,E). 
Adding an additional PEM and nano-object layer completes a chiral three-layer 
helical assembly (Figure 1F,G). Depending on the sign of the rotation between the 
alignment directions of the oriented layers, left- (Figure 1D,F) or right-handed chiral 
metasurfaces are formed (Figure 1E,G). One advantage of this “directed self-
assembly” approach is that such films are readily fabricated over large areas (Figure 
S5 shows the homogeneity of the thin films on several cm2, which may potentially be 
scaled up to even larger surfaces by moving the spray nozzle over the substrate) at 
room temperature with simple equipment and starting from commercial polymers and 
previously synthesized 1D nano-objects. 



 

Figure 1. Assembly of Ag nanowires in Bouligand nanostructures. (a) Schematic of 
the spray-induced orientation of nanowires, (b) SEM of the resulting monolayer of 
oriented AgNWs color-coded according to their orientation, and (c) angular 
distribution of the AgNW orientation. (d–g) Top-view and cross-section SEM of two-
layer (d, e) and three-layer (f, g) left-handed (d, f) and right-handed (e, g) AgNW thin 
films. 

The optical properties of the one-, two-, and three-layer AgNW films are compared 
in Figure 2A for λ = 300–2000 nm (magnified spectra for λ = 300–800 nm are given 
in Figure S6). The extinction of the metasurface increases with the number of layers. 
The extinction spectrum of the AgNW metasurfaces displays peaks at 350 and 380 
nm, which correspond to transverse modes of the localized surface plasmon 
resonance (LSPR) and a broad band starting at 600 nm and expanding into the near 
IR (NIR) which is arising from the longitudinal modes of the LSPR and reflection 
linked to the metallic character of the AgNW film in the NIR. When a second layer of 
AgNWs is added at −60° (left-handed, LH) or +60° (right-handed, RH), the films 
display a high CD signal (defined as the difference between the absorbance of left 
and right circularly polarized light), with a negative band close to the resonance 
wavelength of the transverse LSPR mode and a large positive band at λ > 460 nm for 
the LH sample. The enantiomer (RH sample) shows a perfectly symmetric spectrum, 
confirming that the observed CD is due to the chiral superstructure. The CD reaches 
a very high value of almost ±4000 mdeg at 380 nm for the two-layer metasurfaces. 



When a third layer is added, the shape and the magnitude of the CD spectra are 
modified. The three-layer chiral superstructures made from AuNRs also display a 
very high CD with a different spectral shape than the AgNW metasurfaces as the 
longitudinal and transverse LSPR modes occur at different energies (Figure 2B). The 
CD of the LH film is slightly negative for λ < 500 nm; it displays a small positive peak 
at 550 nm and a broad and very intense peak centered at 850 nm, reaching values 
as high as +13 000 mdeg for the RH superstructure. Due to the symmetry of the 
sample, the sum of the linearly anisotropic optical properties of each individual layer 
is getting independent of the linear polarization of light and the transmittance of the 
three-layer thin films for linearly polarized light becomes almost independent from the 
orientation of the linear polarization (Figure S7). 

 

Figure 2. CD and extinction of the chiral metasurfaces. Measured broadband (300–
2000 nm) CD and extinction spectra of (a) Ag nanowire and (b) Au nanorod chiral 
metasurfaces. For the AgNW thin films, the spectra measured after deposition of the 
first layer (black), second layer (dashed line), and third layer (full line) are given for 
the left-handed (LH, red) and right-handed (RH, blue) enantiomorphs. 

The dimensionless Kuhn factor (the so-called g-factor (48)) was calculated from the 
ellipticity θ using eq 1 (the g-factor spectra are given in Figure S6):

(1)The g-factor, which quantifies the 

chiroptical anisotropy, reaches an extremely high value of g = 0.30 at λ = 650 nm for 
the AgNW film and g = 0.21 at λ = 850 nm for the AuNR film, which is much higher 
than typical values obtained for chiral molecules (for examples, the g-factor of 
proteins is ∼10–3). Such giant g-factors have been predicted for chiral assemblies of 
plasmonic particles, (49) but the measured values of plasmonic chiral structures are 
usually 1 order of magnitude lower, (38,42,50,51) except for a very recent study in 
which a g-factor of 0.2 for gold nanorods with a chiral shape was reported. (52) 

The chiral thin films consist of a helical stack of layers with a high linear anisotropy, 
and thus the optical properties of the chiral metasurfaces may be governed by the 
simultaneous influence of linear and circular dichroism as well as linear and circular 
birefringence. Therefore, the circular dichroism measured with a commercial CD 
spectrometer on such highly anisotropic thin films may be prone to artifacts. The 
optical properties have thus also been studied by Mueller matrix polarimetry (MMP), 
a technique that measures the 16 elements of the polarization transfer matrix (Figure 
S8 and Figure S9). (53) Indeed, the polarization state of light can be described by a 
four-element Stokes vector S. The Mueller matrix M is a 4 × 4 matrix that describes 
how a sample modifies the polarization state of the incoming light (described by Sin) 
to the outcoming Stokes vector Sout = MSin. For a non-depolarizing sample, the 



Mueller matrix can be related (eq 2) to the circular dichroism and birefringence, CD 
and CB, as well as the horizontal and 45° projections of linear dichroism (LD and LD′) 
and birefringence (LB and LB′): (2)The optical properties 

measured by MMP show that the chiral plasmonic metasurfaces give rise to a 
complex combination of circular and linear dichroism and birefringence and that CD, 
LD, CB, and LB are approximately of the same order of magnitude (Figure 3). The 
CD determined from MMP and by the commercial CD spectrometer are similar in 
shape and amplitude and are not changed when the sample is reversed (Figure 
S10). This is a key indication that the samples are truly chiral and we are not just 
measuring artifacts such as elliptical birefringence. (31,54) Furthermore, this 
demonstrates that despite a substantial linear dichroism, the CD spectra obtained by 
conventional CD spectrometry are indeed corroborated by MMP and that CD values 
of several thousand mdeg can be reached through the simple device fabrication 
described here. 

 

Figure 3. Optical properties of the chiral metasurfaces. Measured circular dichroism 
(CD), circular birefringence (CB), and horizontal and 45° projections of linear 
dichroism (LD and LD′) and of linear birefringence (LB and LB′) of (a) AgNW and (b) 
AuNR Bouligand assemblies obtained from the measured Mueller matrix. 

Another tuning parameter for the chiroptical properties is the density of nanowires 
and nanorods in each oriented layer, which is controlled by the spraying 
time. (20)Figure S11 shows how the CD increases with increasing density of 1D 
nano-objects in each nano-object layer. 

The optical properties of the AgNW chiral metasurfaces were modeled using a simple 
model based on a transfer matrix formalism (see Supporting Information). (55) The 
ordinary and extraordinary complex dielectric functions of a typical AgNW monolayer 
were fitted from ellipsometry spectra measured in reflection and were used to model 
the Mueller matrix of the two- and three-layer left- and right-handed chiral thin films 
(Figure S2). (56)Figure 4 indicates that the CD and CB deduced from the measured 
and modeled Mueller matrix are in good agreement. Although plasmon coupling is 
often invoked to explain the chiroptical properties of nanoparticle assemblies, we 
assume here that plasmonic coupling is not necessarily required to account for the 



observed huge CD and CB values. Even a simple model composed of several 
independent linearly anisotropic layers that are helically twisted and separated by a 
dielectric spacer yields already high values for CD and CB. The slight differences 
between the modeling and our experiments are assumed to be due to morphological 
irregularities. While for the calculations the AgNW layers have been considered to be 
identical, the density and the quality of the in-plane orientation and confinement to 
the nanoscale object layers may vary in different layers. 

 

Figure 4. Modeling of the optical properties. Measured (a) and modeled (b) circular 
dichroism and circular birefringence of AgNW chiral metasurfaces. Fitting of the MMP 
of an oriented AgNW monolayer is used to retrieve the complex ordinary and 
extraordinary effective dielectric functions of a monolayer, which is used in a transfer 
matrix simulation (Berreman formalism) to model the MM of the left- and right-handed 
chiral metasurfaces (Figure S12). The measured CD and CB are calculated from the 
measured MMP (Figure S13). 

Left- and right-handed two-layer samples oriented at ±45° were also characterized by 
chirality flux spectroscopy. The optical chirality flux (57,58) has been shown to be a 
physically useful observable that can be exploited as a far-field probe of local 
resonances at which one handedness dominates the chiral electromagnetic fields. In 
contrast to CD spectroscopy, which records the differential extinction of a sample 
upon excitation with left- and right-handed circularly polarized light, chirality flux 
spectroscopy probes the degree of circular polarization of light generated by a 
sample of interest. The sample is excited with monochromatic, linearly polarized light 
along the orientation of the bottom AgNW layer, while the degree of circular 
polarization of the scattered light is detected thanks to a photoelastic modulator, 
acting as a 50-kHz-modulated quarter-wave plate, a linear polarizer, oriented 
orthogonally to the incident linear polarizer, and a photomultiplier 
tube. Figure 5 shows that the chirality flux efficiency, a normalized form of the optical 
chirality flux (see Supporting Information), obtained for left- and right-handed 
samples, shown in red and blue, respectively, is clearly mirror-symmetric and shows 
a nearly perfect 100% generation of chiral light over the entire visible spectrum. In 
contrast, achiral samples (two nano-object layers oriented parallel or perpendicularly, 
shown in Figure 5 in black and green, respectively) generate a negligible chirality flux 



efficiency, as expected. The Bouligand nanoarchitectures introduced here could 
therefore potentially serve as large-scale broadband generators of circularly polarized 
light. 

 

Figure 5. Measured chirality flux spectroscopy of two-layer AgNW chiral 
metasurfaces. 

Conclusion 

The layer-by-layer assembly of 1D nano-objects oriented by grazing incidence 
spraying into chiral Bouligand assemblies is shown to be a practical and efficient 
approach to fabricate chiral plasmonic metasurfaces over large areas. The direction 
of their nanoscale pitch and thus handedness is resulting from a simple sample 
rotation when spray depositing individual nanorod or nanowire layers. Such devices 
display highly anisotropic broadband chiroptical properties with giant dissymmetry 
factors that can be modeled fairly well using a simple transfer matrix approach. The 
chirality flux efficiency is close to 100% over the entire visible range. The chiral 
anisotropic properties are tunable by adjusting the in-plane density of the respective 
1D nano-objects through the spraying time and the pitch of the helix through the twist 
angle of each nano-object layer and the thickness of the polyelectrolyte spacer 
layers. Note that further architectural variations are routinely accessible by placing 
additional components in other layers as desired or by adding more oriented 
nanowire and nanorod layers. Our work thus demonstrates that nanoscale 
multicomposites with designed anisotropies can now be obtained in a scalable way 
over macroscopic areas using simple equipment. Such plasmonic chiral thin films 
could serve as large-scale broadband generators of circularly polarized light across 
the entire visible range as demonstrated here, but this can probably be taken also to 
the near- and mid-IR and even THz range. The ease with which such nanostructures 
can be integrated to more complex devices also broadens their potential applications 
to sensing, for optical recording, or for chiral catalysis. 



Nanocomposites with helical anisotropy are just one example demonstrating how this 
low-cost approach can be put to use on different surfaces ranging from foils to 
smooth macroscopic objects. It thus gives access to template-free chiral 
architectures whose structure can be finely tuned at the nanoscale using 
macroscopic tools and simple design rules, allowing the design of more elaborate 
multimaterial nanocomposites with complex anisotropies. 

Materials and Methods 

 

Materials 

Poly(ethylenimine) ( )), poly(sodium 4-styrenesulfonate) ( ), 
poly(allylamine hydrochloride) ( ), polyvinylpyrrolidone 
(PVP, ), hexadecyltrimethylammonium bromide (CTAB H6269, 
>99.9%), hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, >99.9%), sodium 
borohydride (NaBH4, >99%), L-ascorbic acid (>99%), silver nitrate (AgNO3, >99%), 
and glycerol were purchased from Sigma-Aldrich, sodium chloride was purchased 
from Carl Roth, and nitric acid (68%) was purchased from Prolabo. The silver 
nanowires used for Figures 1, 2, 4, 5, S2, S4, S5, S6, and S13 were purchased from 
Novarials (d ≈ 55 nm, L ≈ 23 μm). All the chemicals were used without further 
purification. Silicon wafers were bought from WaferNet, and quartz and glass slides 
from Thuet B. Ultrapure water with a resistivity of 18.2 MΩ·cm was obtained by 
purification with a Milli-Q gradient system (Millipore) and was used directly after 
production. Poly(ethylene imine) solutions were freshly prepared by direct dissolution 
of 2.5 mg/mL of the polymer in ultrapure water. Poly(sodium 4-styrenesulfonate) 
solutions were prepared in NaCl solution (0.5 M) at a concentration of 0.618 mg/mL. 
Poly(allylamine hydrochloride) solutions were prepared in NaCl solution (0.5 M) at a 
concentration of 0.285 mg/mL. 

Synthesis of Silver Nanowires 

The AgNWs used for Figures 3, S7, S8, S10, and S11 were synthesized by a polyol 
reduction procedure previously reported in the literature. (46,59) A 1.76 g amount of 
PVP, ) was added into 57 mL of glycerol in a round-bottom flask, and 
the solution was kept at 90 °C under stirring until a homogeneous solution was 
obtained. After cooling to room temperature, 0.47 g of AgNO3 was added to the 
solution. Then a NaCl solution (17.7 mg of NaCl dissolved in 0.15 mL of ultrapure 
water and 3 mL of glycerol) was added to the reaction mixture. The solution was 
heated from room temperature to 210 °C in 20 min while stirring. When the 
temperature reached 210 °C, the heating was stopped. A 60 mL amount of ultrapure 
water was added, and the solution left to return to room temperature. The solution 
was kept undisturbed for 1 week, and the sediment at the bottom of the flask was 
collected carefully. The obtained Ag nanowires were carefully washed 10–15 times 
with Milli-Q water by centrifugation at 2000 rpm for 30 min. Finally, the products were 
suspended in 170 mL of water. The resulting AgNWs have a cross-section of 47 ± 6 
nm and a length of 4.2 ± 1.5 μm, as determined by transmission electron microscopy 
(TEM). The concentration was found to be 1.20 mg/mL by freeze-drying and 
weighing a known volume of suspension. 

Synthesis of Gold Nanorods 



AuNRs were synthesized by a typical three-step seed-mediated protocol adapted 
from Huang etal. (47) In brief, gold seeds were formed by a one-shot injection of 
freshly prepared 0.2 M NaBH4 aqueous solution (450 μL) into a 10 mL solution of 0.1 
M CTAB and 0.25 mM HAuCl4 at 27 °C. Seed formation was indicated by a quick 
color change from yellow-orange to brown due to the complete reduction of Au3+ by 
NaBH4. After 5 min of vigorous stirring, the CTAB-stabilized gold seeds were aged for 
2 h without stirring. 

Meanwhile, the so-called growth solution was prepared by introducing 25 mL of the 
0.25 mM gold salt solution into 973 mL of 0.1 M CTAB. This solution was stirred for 
15 min at 27 °C followed by addition of 2 mL of 1 mM HNO3 in order to modify the pH. 
A 83 mL sample of this 1 L growth solution was added to flasks A and B, and the 
remaining 834 mL to flask C. Then 463 μL, 463 μL, and 4.63 mL of the freshly 
prepared 0.1 M ascorbic acid solution were added respectively to flasks A, B, and C. 
The solutions became clear upon gentle shaking, indicating the reduction of Au3+ to 
Au+. Finally, 7.4 mL of the seed solution was added into flask A and shaken for 10 s. 
Then 7.4 mL of the solution from flask A was quickly added to flask B and shaken for 
10 s. Then 74 mL of solution B was introduced into flask C and shaken for 30 s. 
Appearance of a purple color denotes the formation of gold nanoparticles, and this 
became darker with time and finally turned reddish-brown. Flask C was thermostated 
for 5 days at 27 °C. Eventually, the upper solution mostly containing gold 
nanoparticles was carefully pipetted out. The thin brown layer at the bottom of the 
flask was dispersed in 50 mL of water. The resulting dispersion was purified by 
centrifugation at 2000 rpm for 30 min twice to remove excess CTAB. 

Surface Functionalization of AuNRs-CTAB 

Attempts to form dense films of CTAB-coated gold nanorods on positively or 
negatively charged polyelectrolyte films were not successful, and thus ligand 
exchange with PVP was performed. A 50 mL amount of CTAB-stabilized gold 
nanorods was added dropwise to 500 mL of a 10 wt % PVP solution under 
ultrasonication followed by a gentle overnight stirring (150 rpm) at 27 °C. The PVP-
coated AuNRs were centrifuged at 3000 rpm for 1 h to remove uncoated PVP. The 
purple precipitate present on the side walls of the tubes was redispersed in ethanol 
by brief sonication (30 s). The resulting brown solution was recentrifuged at the same 
condition to remove excess PVP if any and finally redispersed in water. The 
synthesized gold nanorods have a diameter of 15 ± 3 nm and a length of 245 ± 50 
nm as determined from TEM images. 

Oriented Deposition by Grazing Incidence Spraying 

Silicon wafers and glass and quartz slides were cleaned thoroughly with ethanol and 
Milli-Q water. Prior to use, each substrate was activated for 3 min by plasma. For film 
buildup, the substrates were first orthogonally sprayed with the PEI solution for 10 s 
using Air-Boy spraying bottles followed by rinsing in pure water for 10 s. 

AgNWs were deposited on the PEI-coated substrates for 200 s while the AuNRs 
were sprayed for 250 s. We used a homemade spraying system, which includes a 
gas flow controller to adjust the air flow rate (model Red-Y, Voegtlin), a liquid 
handling pump (model M50, VICI), and two-fluid nozzles (internal diameter: 300 μm, 
Spraying Systems). The liquid flow rate was set to 1 mL/min and the air flow to 30 



L/min for the AgNWs and 40 L/min for the AuNRs. The angle between the spray cone 
main axis and the receiver substrate was 15°. The deposition was followed by a 
rinsing step with water for 100 s using an equivalent nozzle fed with air flow at 25 
L/min and a water flow rate at 10 mL/min. The nozzle was held at a distance of 1 cm 
from the substrate. Finally, the substrates were dried using air flow. 

For the chiral multilayer buildup, the first oriented layer of AgNWs or AuNRs was 
deposited on the PEI-coated quartz slide by grazing incidence spraying, followed by 
a polyelectrolyte multilayer of PEI/(PSS/PAH)5/PSS/PEI. A second 1D nano-object 
layer can be deposited on top of the polyelectrolyte multilayer with the orientation 
direction shifted by a certain angle with respect to the direction of the underlying 1D 
nano-object direction. The same process can be repeated once more to form a chiral 
three-layer helical films. Depending on the sign of the angular shift between the 
oriented layers, left- or right-handed chiral metasurfaces are formed. 

Electron Microscopy 

TEM was performed at 200 kV with a Tecnai G2 (FEI) microscope and an Eagle 2 k 
(FEI) ssCCD camera. Cross-sections of the samples have been prepared with a 
Hitachi IM4000Plus ion milling system. A low-energy Ar+ ion beam (6 keV) is used to 
produce a polished and undistorted cross-section without applying mechanical stress 
to the sample. The cross-section was observed using a FEG-SEM (Hitachi SU8010) 
at 1 keV. The images were taken with the SE-in lens detector. 

UV–Vis and CD Spectroscopy 

UV–vis spectra were recorded with a Cary5000 spectrophotometer equipped with a 
Glan-Taylor polarizer or with a depolarizer. The measurements were done through a 
5 mm diameter circular hole. CD spectra were measured with Jasco J-1700 circular 
dichroism spectrometer equipped with a xenon arc lamp. 

Mueller Matrix Polarimetry 

Two different instruments have been used for the measurement of the Mueller matrix. 
A home-built Mueller matrix polarimeter that incorporates four photoelastic 
modulators (4-PEM polarimeter) (53) was used to determine, in transmission mode, 
the full Mueller matrix of the samples in the spectroscopic range from 250 to 800 nm 
in steps of 2 nm (Figure 3 and Figures S8, S9, and S10). A phase-modulated 
ellipsometer (UVISEL, Horiba) that measures the first three columns of the Mueller 
matrix in the 270 to 800 nm spectral range was also used (Figure 4 and Figures S12 
and S13). The light spot had a diameter of 1.5 mm, and measurements were done in 
the central area of the samples. The obtained measurements were, in good 
approximation, not depolarizing, and they were analyzed according to eq 2. 

Chirality Flux Spectroscopy 

Chirality flux spectroscopy was performed as in Figure 5 using the experimental 
methodology introduced in previous work. (58) This method determines the chirality 
flux efficiency, defined as (3)where c is the speed of light, ω is the angular 

frequency, and Ptot is the total power of the outgoing light. The integral of the optical 
chirality flux through a surface denoted as S is defined as , 



where  is the optical chirality flux, ε is the complex 
electric field amplitude, and  is the complex magnetic field amplitude, while the 
asterisk denotes the complex conjugate. 

Modeling 

The Mueller matrix of nanostructures is simulated in transmission according to the 
Berreman transfer matrix formalism (BTM). (55) Three different structures with one, 
two, and three layers of AgNWs deposited on a transparent silica substrate are 
considered, as depicted in Scheme S1. The BTM formalism requires the knowledge 
of the dielectric function of each layer, which are deduced from ellipsometric 
measurements performed in reflection on films deposited on a silicon substrate. The 
dielectric constant of the organic layers is set to 2.34. The ordinary (εo) and 
extraordinary (εe) effective dielectric function of the aligned AgNW layer are shown 
in Figure S2. The linear or circular dichroism and birefringence are then calculated 
from the Mueller matrix by using the differential Mueller matrix decomposition. (56) 
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